Abstract: Short-rotation forest plantations with hybrid aspen on abandoned agricultural land are a novel use of land in eastern and northern Europe; however, to date, their impact on floristic diversity has not been thoroughly studied. Our aim is to determine the kind of vascular plant and bryophyte (including epiphytes) species that benefit from such plantations. Data on understorey and soil humus layer properties were collected as part of the repeated monitoring of 204 permanent vegetation plots in twenty-four 13-to 14-year old commercial hybrid aspen plantations in boreonemoral Estonia. Data analysis indicated that the understorey of midterm hybrid aspen plantations is formed of species with different ecological requirements, ranging from typical fallow species to shade-tolerant forest species. Midterm plantations were dominated by common grassland species; however, occasionally less frequent and protected grassland species were also found. No rare species of epigeic or epiphytic bryophytes were recorded. Overall, a slow succession towards a shade-tolerant understorey was observed when comparing midterm and young plantations, with the occurrence of forest species in negative correlation with the amount of canopytransmitted total solar radiation. The number of species characteristic of forests growing on similar soil types was low. Further studies will clarify how close the habitat in such intensively managed plantations on abandoned agricultural lands can approach that of natural forests in hemiboreal conditions.
Introduction
Fast-growing hybrid aspen (Populus tremula L. × P. tremuloides Michx.) is a suitable tree species for intensive production of biomass and pulpwood in northern Europe (Rytter and Stener 2005; Tullus et al. 2012a) . It is apparently the most cold-resistant commercially used Populus hybrid in the region. The area covered by hybrid aspen plantations managed according to the principles of short-rotation forestry (SRF) was estimated to be over 4500 ha in Nordic and Baltic countries by the end of the first decade of the 21st century (Tullus et al. 2012a) . Since then, this number has doubled due to extensive plantation establishment in Lithuania (M. Šilininkas, personal communication, 2014) and Sweden (L. Rytter, personal communication, 2014) . The majority of hybrid aspen plantations are located on former agricultural land.
Although the main aim of SRF plantations is the production of industrial wood, plantation forests can be designed for multiple purposes (Paquette and Messier 2010) . In addition to the generally acknowledged virtues of plantations such as carbon accumulation in the soil (Kahle et al. 2007 ) and offering an alternative wood resource to natural forests (Paquette and Messier 2010) , it has recently been demonstrated that plantations with fast-growing tree species may contribute to the conservation of biodiversity by providing a suitable habitat for reintroduced forest herbs (Boothroyd-Roberts et al. 2013) . As the area covered by hybrid aspen plantations is increasing in the Baltic Sea region, it raises a question: what kinds of species benefit from the expansion of hybrid aspen plantations? Understorey vegetation in hybrid aspen plantations has been studied in Estonia (Soo et al. 2009a (Soo et al. , 2009b Tullus et al. 2012b) , as well as in Germany (Heilmann et al. 1995) and Sweden (Weih et al. 2003) ; however, these studies were all conducted in plantations not older than 10 years. The recommended rotation period for hybrid aspen is 20-30 years in the Nordic and Baltic countries (Tullus et al. 2012a) , and therefore the understorey vegetation in older plantations also needs to be studied. In addition, no study has hitherto focused on epiphytic bryophyte flora in hybrid aspen plantations. European aspen (Populus tremula L.) and quaking aspen (Populus tremuloides Michx.) are both known for their unique and rich epiphytic flora of bryophytes (Kuusinen 1996; Boudreault et al. 2000) , but their hybrid has not been studied from this perspective.
In general, successional patterns can be observed in the development of understorey vegetation in SRF plantations, as changes in the understorey are governed by changes in the overstorey. The older the trees become and the closer together they are planted, the more shaded is the understorey, leading to the replacement of light-demanding and short-lived species with shade-tolerant perennials (Baum et al. 2009 ). In addition to competition for light with the tree layer, belowground competition also impacts understorey development (Harrington et al. 2003) . Understorey species richness is generally lower in mature plantations than in young ones (Baum et al. 2009; Archaux et al. 2010) ; however, the number of forest species increases throughout succession together with the increasing age of the tree layer (Archaux et al. 2010; Baum et al. 2012a ). In addition to plantation age, the formation of a forest-like understorey is also dependent on other factors. In the case of plantations that are located on former agricultural land, the formation of a forest understorey requires colonization from nearby forests, as the soil seed bank of former agricultural soils does not usually contain the seeds of forest species (Baum et al. 2013 ). Due to the low migration rates of many forest species (Brunet and von Oheimb 1998; Dzwonko 2001) , differences can be found in the species composition of the understorey vegetation of recent forests bordering on ancient forests and that of isolated recent forests (Dzwonko 1993) , although forest specialists and generalist species are affected differently by isolation (Brunet et al. 2011) . In addition to dispersal limitations (Brunet et al. 2000; Jaquemyn et al. 2001) , the recruitment of forest species may be hampered by site quality variables (e.g., soil properties) or exclusion due to competitive species (Honnay et al. 1999; De Keersmaeker et al. 2004) in new stands on former agricultural land. In the long run, the development of a forest understorey in SRF plantations is also affected by silvicultural management practices such as thinnings and final harvests that are repeated in a fairly short period of time. As many forest species are not adapted to frequent disturbances, it has been suggested that repeated harvests in SRF systems may reduce their populations (Halpern and Spies 1995; Weih et al. 2003) .
The understorey vegetation of SRF plantations is usually dominated by common species (Gustafsson 1987; Weih et al. 2003; Baum et al. 2012b) , and rare species are only occasionally found. For instance, no rare species were recorded in Swedish poplar plantations (Weih et al. 2003) , and although several red list species were found in hybrid poplar plantations in Switzerland, their number declined as the plantations grew older and light conditions deteriorated (Delarze and Ciardo 2002) . On the other hand, the mass occurrence of orchids (Epipactis helleborine, Platanthera bifolia, and Dactylorhiza incarnata) was observed in 20-year-old hybrid poplar plantations in Poland, indicating that poplar plantations may offer suitable habitat for orchids (Adamowski and Conti 1991) .
An important aspect in the understanding of SRF systems is whether they improve or deplete soil nutrient pools and affect other physicochemical soil properties (Kahle et al. 2007; Baum et al. 2009 ). As SRF plantations are usually established on abandoned agricultural lands, it is economically essential that they do not have a negative impact on the soil if there is a possibility that agricultural land use will be resumed in the future. The changes in soil properties caused by trees are also likely to affect understorey vegetation (Barbier et al. 2008) .
The aim of the current study is to investigate the vascular plant and bryophyte flora of midterm hybrid aspen plantations and answer the following questions.
1. Which site-and stand-related factors affect understorey vegetation characteristics (species composition, species richness)? 2. Do midterm hybrid aspen plantations offer habitat for rare species? 3. How do fast-growing hybrid aspen plantations affect the chemical properties of the soil humus layer? 4. How much does understorey species composition in midterm hybrid aspen plantations on abandoned agricultural lands resemble the understorey of forests growing on similar soil types? 5. How has the understorey of plantations changed between young and midterm age regarding the occurrence of forest species and species' light tolerance?
Materials and methods

Study area
The study comprised 24 commercial hybrid aspen plantations situated on former agricultural land in the continental part of Estonia (57°33=N-59°29=N, 24°16=E-27°24=E) (Fig. 1) . The plantations were established in 1999 and 2000 with 1-year-old clonal plants. Previous agricultural land use for plantations was either crop field or grassland, and mechanical site preparation (either whole-area ploughing or strip tillage) was carried out before planting trees. Data were collected from midterm (13-to 14-year-old) plantations in the middle of the growing season, using the previously established network of 51 permanent experimental plots (each 0.1 ha) in which the growth of the trees is monitored (Tullus et al. 2007) . As the sizes of hybrid aspen plantations varied from 0.7 to 32 ha and 14 larger plantations consisted of smaller scattered parts with different soil types and land use history, the number of experimental plots in one plantation varied from one to five. Results concerning the understorey vascular plant and bryophyte vegetation in young (7-to 8-year-old) plantations have been published elsewhere (Soo et al. 2009a; Tullus et al. 2012b ). In the current study, data from young stands were used to characterise the initial status when analysing the main successional changes.
Data collection
Vascular plant and bryophyte data were collected from permanent vegetation plots (four in every experimental plot, each 2 × 2 m in size). In every vegetation plot, a list of vascular plant and bryophyte species was compiled and the cover of each species was estimated visually using a scale of 1%-100%. Total cover of the field layer and total cover of the bryophyte layer were also estimated. In addition, a list of bryophyte species growing on the trunks of four trees situated near the vegetation plot corners was compiled. Bryophytes that could not be identified in field conditions were collected for further investigation under a microscope. The occurrence of rare species was recorded for every experimental plot. The nomenclature follows the key books of Estonian vascular plants (Leht 2010) and bryophytes (Ingerpuu and Vellak 1998) .
Hemispherical photos were taken from the centre of each vegetation plot from the height of the field layer (approximately 50 cm) using a Sigma 8 mm 1:3:5 EX DG FISHEYE lens attached to a Canon EOS 5D digital camera. The photographs were analysed using Gap Light Analyzer 2.0 (Frazer et al. 1999 ) to estimate canopy openness and the amount of canopy-transmitted direct, diffuse, and total solar radiation incident on a horizontal receiving surface.
Leaf and branch litter was collected from the ground of two subplots (each 20 × 20 cm) located at opposite sides of a vegetation plot. Composite litter samples were dried at +70°C to constant mass and weighed to the nearest 0.001 g. Arithmetic mean litter estimates (tonnes (t)·ha −1 ) were then calculated for each vegetation plot. Soil samples were taken from the middle of the humus horizon using the same subplots as for litter collection. Concentrations of total nitrogen (N) and extractable phosphorus (P) and potassium (K) and pH KCl were determined from composite soil samples for each vegetation plot. Analyses were performed by the Laboratory of Agrochemistry of the Agricultural Research Centre in Saku using methods ISO 10390 for pH, ISO 11261 (Kjeldahl) for total N, and Mehlich 3 extractant for available P and K. The experimental plots were grouped according to soil moisture conditions based on earlier studies (Tullus et al. 2007) . Following the correspondence matrix on Estonian forest site types and soil types (Lõhmus 1984) , potential forest site type was determined for every experimental plot. The occurrence of characteristic vascular plant and bryophyte species for the potential forest site type (Lõhmus 1984) was checked. The system of Estonian forest site types consists of over 20 site types that are distinguished by soil water regime and the texture and calcareousness of parent material and are named after the genera of characteristic understorey species (e.g., Oxalis, Aegopodium, etc.).
In every 0.1 ha experimental plot, tree height (H) and stem diameter at breast height (DBH) of every tree were measured and the number of trees (n, trees·ha -1 ) was counted. Stand basal area (BA) per hectare was estimated, and to express the average distance between the trees, the stand sparsity index (L) was calculated according to Nilson (2006) as follows: L = 100n -0.5 .
Using recent aerial photos superimposed on a base map of Estonia, the distance from experimental plot to the nearest forest was estimated with the distance measuring tool of the online GIS application of the Estonian Land Board (http://xgis.maaamet.ee/ xGIS/XGis).
Data analysis
Species richness (S) and Simpson's diversity index (D=) for vascular plants and bryophytes that grow on the ground were estimated for vegetation plots using PC-ORD Version 6 (McCune and Mefford 2011). Following the Estonian key book of vascular plants (Leht 2010), vascular plants were classified by habitat preference into the following categories: forest species, forest and grassland species, grassland species, and fallow species. Habitat preference of bryophytes was determined based on Ingerpuu et al. (1994) , and the following categories were formed: forest species, forest and grassland species, and open-habitat species. Ellenberg and Düll indicator values for light (Ellenberg et al. 1991) were assigned to vascular plant and bryophyte species, and weighted average light values were calculated for vegetation plots.
The significance of the changes in the vegetation characteristics and soil humus layer properties (estimated at vegetation plot level) between young and midterm plantations were evaluated. We estimated the change in the given variable (⌬var) between the two monitoring periods (m1 and m2) as follows: ⌬var = var m2 -var m1 and then tested H0: ⌬var = 0 with intercept-only linear mixed model, accounting for the random effect of experimental plot using Proc Mixed in SAS for Windows 9.1.3 (SAS Institute Inc., Cary, North Carolina). The significance of the changes in the main tree-layer characteristics (estimated at experimental plot level) were tested with a Student's t test for dependent samples.
A generalised linear mixed model (SAS Proc Glimmix), with experimental plot as a random effect, was used to evaluate the effects of soil-and overstorey-related characteristics on richness and coverage estimates of the understorey vegetation. Species richness estimates were treated as response variables with Poisson distribution, and Gaussian distribution was used for coverage estimates and diversity indices. If necessary, logarithmic transformation of variables was used to meet the assumption of normality. Extremely high soil N values in two experimental plots were excluded from the analysis. The multicollinearity of the continuous explanatory variables was checked via Spearman rank correlations (using function "varclus" in R package Hmisc for illustration; R Foundation for Statistical Computing, Vienna, Austria, available from http://www.r-project.org). The outcome indicated that canopy openness and the amount of canopytransmitted direct, diffuse, and total solar radiation were strongly ( 2 > 0.5) intercorrelated, and therefore, only total solar radiation was included in the model. Strong intercorrelation also existed between DBH, H, and BA, and of these, DBH was included. Further, to detect possible multicollinearities, we looked at the variance inflation factor (VIF) of each predictor (in each model) but did not find any VIFs larger than 5.
Variation in species composition was investigated with nonmetric multidimensional scaling (NMDS) with the community ecology package Vegan in R (Oksanen et al. 2013) . NMDS was run with the "metaMDS" function and Bray-Curtis dissimilarities. 
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Prior to ordination, square root transformation and Wisconsin double standardisation of the data were applied. The analysis was run until two convergent solutions were found. The solution was centred, rotated on the principal component axes, and scaled to half-change units following the default settings with "metaMDS". To interpret the ordination, environmental variables were fitted onto the ordination using the function "envfit". To find species characteristic of young and midterm plantations, an indicator species analysis (ISA) was performed with PC-ORD Version 6 (MjM Software, Gleneden Beach, Oregon, U.S.A.). NMDS and ISA were run with experimental plot-level understorey data (the averaged cover values of vascular plants and ground-inhabiting bryophytes from four vegetation plots were used). One experimental plot, dominated by invasive species Galega orientalis, which allowed the growth of only a few other vascular plant species, was left out of ordination and ISA due to the radically different understorey species composition.
To illustrate the changes in species composition between the two monitoring periods, a Venn diagram was composed using package vennDiagram in R.
A level of significance a = 0.05 was used for rejecting null hypotheses in all statistical tests.
Results
Differences in vegetation characteristics and environmental variables between young and midterm hybrid aspen plantations
Soil properties and overstorey characteristics
In comparison with the results from young stands, all variables related to tree growth (H, DBH, BA, L) were significantly higher in midterm plantations, but the density of trees had decreased considerably. Concentrations of macronutrients (N, P, and K) in the soil humus horizon remained on the same level as in young plantations, whereas soil pH had decreased significantly (Table 1) .
Species richness and species composition
Altogether, 189 vascular plant and 59 bryophyte species were found in midterm hybrid aspen plantations. There were also a few specimens that were identified at the genus level. The numbers of vascular plant and bryophyte species had both increased when compared with the overall species richness in young plantations, as the numbers of vascular plant and bryophyte species found from young hybrid aspen plantations were 170 and 34 (Tullus et al. 2012b ), respectively. Although 22 vascular plants that were present in young plantations could not be found in midterm plantations, 41 new vascular plant species had colonised the midterm plantations (Fig. 2) . Only two bryophyte species had disappeared from the midterm plantations, and 27 new bryophyte species had been added. The majority of new species were found in only one experimental plot (e.g., forest species and forest-grassland spe- for the species that had disappeared from, were present in, or had colonised midterm plantations revealed a slow succession towards a more shade-tolerant understorey (Fig. 2) . The same tendency was revealed when comparing the weighted average Ellenberg and Düll light value indices per vegetation plot in young and midterm stands ( Table 2) .
The majority of the vascular plant species recorded in hybrid aspen plantations were common species, with the exception of D. incarnata found in one experimental plot and Platanthera sp. found in two experimental plots in young plantations. In midterm plantations, orchids (Dactylorhiza fuchsii, D. incarnata, and P. bifolia and vegetative specimens from the same genera) grew in 10 experimental plots, and a protected species Thalictrum lucidum grew in one experimental plot. All bryophytes recorded in hybrid aspen stands were common species. No bryophyte species were found on tree trunks in young plantations, but in midterm plantations, 28 species were recorded growing on tree bases and (or) tree trunks. Among these, 19 species were also growing on the ground and 9 species were found only on trunks. The most frequent trunkinhabiting bryophyte species were P. polyantha, C. sommerfeltii, and O. speciosum.
The mean numbers of vascular plant and bryophyte species per experimental plot (based on four vegetation plots), as well as vegetation plot level estimates for species richness and diversity, were significantly higher in midterm plantations (Table 2) , similar to the increase in the overall species richness of vascular plant and bryophyte species. Opposite trends were observed in the cover of the field layer and the cover of the bryophyte layer, as the cover of field layer had dropped and the cover of bryophyte layer had increased significantly in midterm plantations ( Table 2 ). The number and cover of vascular plant and bryophyte forest and forestgrassland species had increased. Although the cover of both grassland and fallow vascular plant species had decreased, the number of fallow species had remained at the same level as in young plantations and the number of grassland vascular plant species had even increased. Plantation age significantly affected the position of experimental plots in the NMDS ordination space (Fig. 3) . Species that were characteristic of young plantations (Artemisia vulgaris, Elymus repens, Mentha arvensis, Sonchus arvensis), according to indicator species analysis, were all species typical on abandoned agricultural sites. The species characteristics of midterm plantations involved more variable habitat preferences, with forest species (e.g., Rubus idaeus, Lophocolea heterophylla, Pleurozium schreberi, H. splendens), grassland species (e.g., Stellaria graminea), and fallow species (Veronica agrestis) represented.
The effect of environmental variables on vegetation characteristics in midterm plantations
Variation in species composition in the understorey of midterm hybrid aspen plantations was affected by several environmental variables such as previous land use, the method of site preparation, soil pH, concentrations of P and N in the soil humus horizon, distance to the nearest forest, transmitted total solar radiation, and DBH of trees ( Fig. 4; Table 3 ). Although some of these effects were highly significant (p < 0.01), the respective r 2 values did not indicate very strong correlations between understorey and environmental variables (Table 3) .
The occurrence of forest species (both vascular plants and bryophytes) was negatively influenced by the amount of canopytransmitted total solar radiation (Table 4) . Light conditions also affected the cover of the field and bryophyte layers, but in the opposite directions: in more shaded stands the cover of the field layer decreased, while the cover of the bryophyte layer, as well as the number of bryophytes, showed an increase. Both the field layer and the bryophyte layer showed a similar (negative) response to the amount of leaf litter. The species richness of vascular plants (in particular the number of grassland species) was negatively affected by higher concentrations of N in soil humus layer. The number of vascular plant fallow species was in positive correlation with soil pH.
Based on the soil types, experimental plots were divided into 10 potential forest site types, with Oxalis, Oxalis-Myrtillus, Hepatica, Aegopodium, and Dryopteris being the most frequent site types (Table 5) . Only a few species characteristic of potential forest site types were found in the understorey of hybrid aspen stands (Table 5 ).
Discussion
The main aims of the current study were (i) to evaluate what kind of species benefit from the expansion of novel land use (short-rotation forestry on abandoned agricultural lands) in the region and (ii) to determine which environmental variables influence variation in understorey species composition and richness in midterm hybrid aspen plantations. As understorey species composition and species richness change throughout the development of plantations, data from young stands were included in the current study to highlight the main successional patterns. Studies following understorey succession on permanent vegetation plots in SRF plantations of different age groups have been quite rare, and more studies have used the space-for-time substitution (chronosequence) technique to analyse the effect of plantation age on the understorey (Weih et al. 2003; Archaux et al. 2010; Baum et al. 2012a Baum et al. , 2012b . Although chronosequence is widely used to study vegetation dynamics, this method has some disadvantages when compared with long-term studies of permanent plots, as biotic and abiotic conditions are likely to vary over the time span of any successional sequence (Johnson and Miyanishi 2008) .
As expected, a slow development towards shade-tolerant forest understorey was observed in midterm plantations. The occurrence of forest species was affected by the amount of total solar radiation. In poorer light conditions, the cover of the field layer dropped and the number of forest species increased, obviously benefitting from lower competition. Surprisingly, the number of forest species showed no correlation with distance to nearby forests as propagule sources, although the position of experimental plots in NMDS ordination was affected by this distance. One possible explanation might be that we estimated only the distance between the experimental plot and the nearest forest but did not evaluate these forests as source populations of the observed forest species. Besides that, hedgerows (Wehling and Diekmann 2009) can also serve as habitats for forest plants but were not monitored in the current study.
According to NMDS ordination, species composition was also affected by pre-establishment disturbances (site preparation and previous land use) and soil properties (pH, concentrations of N and P), similar to what was observed at the young stand age (Soo et al. 2009a) . No impact of the overstorey on the understorey at a young age was detected (Soo et al. 2009a ); however, in midterm plantations, it was evident by the effect of DBH and canopytransmitted total radiation on the understorey. The availability of nutrients and light also influenced understorey species composition in Swedish and German SRF plantations with poplars and willows (Baum et al. 2012b ).
The successional changes were not accompanied by a decrease in overall species richness as observed in several other studies (Delarze and Ciardo 2002; Archaux et al. 2010 ). This can be explained by the persistence of grassland species in midterm plantations. Although the cover of grassland species had decreased, following the same trend as the overall cover of the field layer, the number of grassland species had increased, indicating that midterm hybrid aspen stands (especially on soils with lower nitrogen content and in stands with slower tree growth; Table 4 ) are a suitable habitat for many grassland species as well. Common grassland species such as Achillea millefolium, Alchemilla vulgaris (coll.), Hypericum perforatum, Lathyrus pratensis, S. graminea, and Trifolium repens were frequently recorded; however, grassland species that are less frequent in Estonia were also occasionally found (e.g., Trollius europaeus, Polemonium caeruleum, and Crepis praemorsa). Between 1950 to 2005, the total area of Estonian grasslands decreased by about 90% (Sammul et al. 2008) , posing a serious threat to grassland flora. It is therefore positive that midterm hybrid aspen plantations can offer an alternative habitat for a number of grassland species. Protected species found in hybrid aspen stands were also either grassland species (D. incarnata, T. lucidum) or species that grow in grasslands as well as in forests (D. fuchsii, P. bifolia). The monitoring of epiphytic bryophyte flora on hybrid aspen trees showed that species that are common on P. tremula such as P. polyantha and O. speciosum (Hazell et al. 1998) were already quite common on the trunks of 13-to 14-year-old hybrid aspens. No rare species were recorded among bryophytes; however, this is not surprising, as aspen-associated rare bryophytes such as Neckera pennata are usually found on large trees in old-growth stands (Kuusinen and Penttinen 1999) .
To evaluate the resemblance between understorey species composition in midterm hybrid-aspen plantations and native forests, the occurrence of species characteristic to native forest site types was recorded in hybrid aspen stands (Table 5) . As the number of characteristic species in hybrid aspen stands was low, it may be concluded that, in the current age, hybrid aspen plantations do not help to preserve flora typical to native forests. This is not surprising, as the colonization of forest species to the former agricultural stands that hybrid aspen plantations represent is known to be a slow process (Bossuyt and Hermy 2000) and the number of forest species is likely to increase in time. In the case of successful dispersal, the recruitment of forest species in new stands may be further hampered by site quality variables such as high soil nutrient status (especially high phosphorus content), which promotes the vigorous growth of competitive species, leading to the exclusion of forest species (Honnay et al. 1999; De Keersmaeker et al. 2004) . The possible impact of the relatively high nutrient status of former agricultural soils to the recruitment of forest species needs to be considered during future monitoring of these plantations; however, the results of the current study revealed no effect of soil properties on the number of forest species.
Another issue that impacts understorey succession in hybrid aspen plantations is silvicultural practices. Thinning practices usually need to be carried out in midterm hybrid aspen plantations to ensure a better quality of stems at final harvest (Rytter and Stener 2005; Tullus et al. 2012a ). According to literature (Ares et al. 2010; Hedwall et al. 2013) , management practices such as thinning support the spread of early-successional understorey species. It is therefore quite likely that during the next 10-15 years preceding the clear-cut, a forest understorey typical to native forests may not be fully developed. Clear-cutting also favours the spread of shadeintolerant early-successional species (Yorks et al. 2000) and may have long-term negative effects on late-successional forest species (Moola and Vasseur 2004; Godefroid et al. 2005) . On the other hand, De Keersmaeker et al. (2011) recently showed that clearcutting may promote the colonization of shade-tolerant herbs into forests on former agricultural land, as several shade-tolerant herbs that were absent before clear-cutting from 45-year-old Belgian poplar plantations were established at high frequencies after clear-cutting. New aspen trees are expected to grow in hybrid aspen plantations from root and stump suckers after clear-cut, which may result in a very dense stand in which initially over 100 000 suckers·ha -1 may arise (Rytter 2006; Lutter et al. 2013) . Naturally regenerated hybrid aspen stands can be managed either with repeated very short rotations for the production of energy wood or with 20-to 30-year rotations with the aim of producing larger assortments, similarly to the first generation (Tullus et al. 2012a) . In a study of the effect of two silvicultural systems with different disturbance frequencies on the understorey of forest stands in France, Decocq et al. (2004) concluded that short cutting intervals repeated after every 4 years maintained communities dominated by early successional species and impacted true forest species negatively when compared with longer cutting intervals. Understorey development in second-generation hybrid aspen stands is therefore likely to be determined by the choice of management scheme. In the long term, after several consecutive harvest cycles, it is possible that hybrid aspen plantations may offer a habitat comparable with traditional coppice woods, which are known to contain a rich flora of both forest and open-land plants, as the cyclic changes between light and shade phases enable the growth of species with different ecological requirements (Peterken 1993) . Differences observed in the tree-layer characteristics between young and midterm plantations were caused by rapid tree growth and the exclusion of stems via competition and mechanical damage. Despite the high productivity of trees (stand BA increased 6.7 times on average; Table 1 ), concentrations of macronutrients did not decrease, which agrees with the general experience that hybrid aspen plantations do not require fertilization in northern Europe (Tullus et al 2012a) . In some studies, the depletion of nutrients has been observed in fast-growing willow and poplar stands (Kahle et al. 2007) , and thus fertilization is essential to maintaining productivity. This could hinder the inclusion of generally less competitive forest species. At the same time, soil pH decreased significantly, which is consistent with other studies of changes in soil chemistry after afforestation (Jug et al. 1999; Ritter et al. 2003) . Interestingly, the number of fallow vascular plant species, which had decreased in midterm plantations, showed a positive correlation with soil pH (Table 4 ). The impact of the overstorey on their persistence might thus be governed indirectly through changes in soil acidity.
The effect of overstorey trees on understorey vegetation was usually manifested through transmitted radiance and sometimes also through the quantity of litterfall and DBH of trees. Stand sparsity, which could indicate competition (crowding) effect from the overstorey, was not a significant factor. This is probably because sparsity (average distance between the trees, derived from stand density) varied in a relatively small range (3.18 ± 0.04 m) ( Table 1 ) and was not related to the average growth rate of the trees.
To conclude, the understorey of midterm hybrid aspen plantations is formed of species with different ecological requirements, ranging from typical fallow species to shade-tolerant forest species. It has previously been observed that a mixture of species from different successional phases is established in SRF plantations, including shade-tolerant and light-tolerant species (Gustafsson 1988) . Although the number of forest species was low in midterm hybrid aspen stands, the significantly higher number of forest species compared with the young stands reflects the fact that forest species are able to colonize and grow in hybrid aspen stands. To evaluate hybrid aspen stands as a habitat for native forest flora, these stands should be resurveyed in the future.
